Abstract-Rejection rates of upper limb prostheses are high (23%-45%). Amputees indicate that the highest design priority should be reduction of the mass of the prosthetic device. Despite all efforts, the mass of the new prosthetic hands is 35%-73% higher than that of older hands. Furthermore, current hands are thicker than a human hand, they operate slower and do not provide proprioceptive force and position feedback. This study presents the Delft Cylinder Hand, a body powered prosthetic hand which mass is 55%-68% lower than that of the lightest current prosthetic hands, operates faster, has an anthropomorphic shape, and provides proprioceptive force and position feedback. The hand has articulating fingers, actuated by miniature hydraulic cylinders. The articulating fingers adapt to the shape of the grasped object. Its functional scores are similar to that of current prosthetic devices. The hand has a higher mechanical performance than current body-powered hands. It requires 49%-162% less energy from the user and it can deliver a higher maximum pinch force (30-60 N).
I. INTRODUCTION

R
EPLACEMENT of a missing hand by an artificial alternative remains one of the biggest challenges in prosthetic rehabilitation [1] . Although many different prosthetic terminal upper limb devices are available [2] - [4] , around 27% of the amputees do not actively use their device and another 20% stop wearing it at all [5] . There are various reasons for prosthesis abandonment: wearing discomfort (too heavy, too hot), too little added functionality, difficult or tiring to use, or the lack of sensory feedback [5] . The most important design priority is the device mass, which should be significantly reduced [6] . A hand prosthesis should at least meet the basic user demands, summarized by the words comfort, cosmetics and control; "a patient wants and expects a prosthesis that looks naturally beautiful, that is comfortable to wear and that is easy to use" [7] . This paper has supplementary downloadable material available at http://ieeexplore.ieee.org, provided by the authors.
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Currently two types of active prostheses are available; myoelectric and body-powered (BP) prostheses. In recent years new myoelectric hands have become available: the i-limb (www. touchbionics.com), the bebionic (www. bebionic.com), and the Michelangelo hand (www.ottobock.com). These hands provide a set of different grip patterns. Unlike other prosthetic hands, the fingers of the i-limb and the bebionic can articulate to provide an adaptive grip. Although these new hands provide more grip patterns, their additional functional value has not been proven yet [8] , and the hands still remain too heavy (an average articulating hand weights 550 gram, without battery and glove). A device mass of 350 gram is already too heavy for amputees with a short residual arm [9] .
The alternative to the myoelectric device is the BP hand or hook. The reported rejection rates of BP hands (65%-80%) are significantly higher than that of BP hooks (32%-51%), or electric hands (17%-41%) [6] , [10] . A possible explanation for this low acceptance can be found in the limitations of the currently available BP hands. Although they have a lower mass ( 350 gram) than an electric hand, they are still heavy. They produce a low pinch force ( 15 N) and require a high actuation force (61-131 N), due to their low mechanical efficiency [11] , [12] . Furthermore their shape is not closely anthropomorphic and they have rigid fingers, which do not adapt to the shape of the grasped object. This reduces the contact area between hand and object and limits the grasping functionality [13] . Despite these drawbacks, no improvements have been made to BP hands for decades [11] , [12] . If these matters could be resolved, a BP hand could offer several benefits over a myoelectric hand; the harness system of a BP hand offers proprioceptive force and position feedback to the user. Also a BP hand could be considerably lighter than a myoelectric hand, as no motors and batteries are required.
To increase the mechanical efficiency of a mechanism, mechanical linkages can be replaced by hydraulics. Hydraulics potentially offers an efficient way of energy transmission, as the friction losses in hydraulic systems are typically low. There have been various attempts to use hydraulics in upper limb prosthetics, in an effort to develop an efficient externally powered or body-powered terminal device. Several prototypes have used hydraulics to operate an externally powered prosthetic hand, e.g., Janovsky et al. [14] , Broome et al. [15] , Witte [16] , Tobergte [17] , Kato [18] , Kargov et al. [19] . In other prototypes Goller et al. [20] and LeBlanc et al. [21] used a hydraulic transmission to operate a BP hook. There are no examples of the ap-plication of a hydraulic transmission in a BP hand in literature, nor in any commercially available BP or electric hand.
II. PROBLEM
Body-powered hands have the highest user rejection rate of all available terminal devices. They are heavy, require a high operation force from the user and then produce a low pinch force, due to mechanical inefficiencies. Furthermore, their shape is not closely anthropomorphic and they have rigid fingers, which limits their grasping functionality.
III. GOAL
The goal is to develop and evaluate a lightweight prosthetic hand with articulating fingers and body-powered control that meets the basic user demands. The hand should require less actuation energy than current body-powered hands (1.058-2.292 Nm or J) and it should produce sufficient pinch force ( 30 N) for a broad functional range. The hand will be evaluated by quantifying its mechanical performance by mechanical tests and its functional performance by functional user tests. The results will be compared to other prostheses described in literature.
IV. METHODS
Requirements and Design Principles:
A new lightweight articulating hand was designed, which has voluntary closing body-powered control. The requirements to which the hand must comply are listed as follows. Various design principles were used to meet these requirements: 1) Cosmetic appearance: The hand mechanism should fit inside a standard 7 1/2 size anthropomorphic silicone cosmetic glove, e.g., the SGL5/E4 glove (RSL Steeper) or the 101L M2 Male glove (Regal Prosthesis Ltd.). Preferably, a silicone glove should be used, as they are more compliant and have a lower hysteresis than PVC gloves [22] . In order to give the hand an anthropomorphic appearance, the shape of the mechanism should be adapted to the shape of the glove, instead of the other way around. 2) Mass: In order to increase wearing comfort, the mass of the hand should be lowered [6] . Mechanism and glove should weigh less than a human hand (426 63 g [23] ), as the hand is not directly attached to the musculoskeletal system of the user and is therefore perceived as an external load. As a cosmetic glove weighs around 90 g [12] and one standard deviation is 63 g below the average mass of a human hand, the mass of the hand mechanism should be lower than 426 g 63+90 g 273 g. 3) Actuation energy and pinch force: The energy dissipation by the transmission should be minimized, to reduce the required input effort by the user and to produce a high pinch force ( 30 N) to enable a broad range of activities [24] . A hydraulic system can transmit and distribute the energy and forces in an efficient way to multiple actuators, without the need of a whiffletree like mechanism with extra joints, with pulley cables or a linkage system. In this way extra friction can be avoided. Although the hand will have more DoF's than current BP hands, it should require less input energy than current hands (range of current hands: [25] - [27] . 5) Articulating fingers: To enable grasping and holding of a large variety of objects, the hand should be able to perform the two basic grip patterns: the precision or pinch grip, and the cylinder or power grip [28] . The pinch grip can be used for picking up small objects by means of force closure. The cylinder grip can be used to pick up larger objects, by means of force and form closure (the fingers wrap around the object). A pinch grip can be achieved with rigid fingers with one degree of freedom (DoF). To enable a power grip the fingers should have at least two DoF's, one in the MCP and one in the PIP joint. It is not necessary to have an extra DoF in the DIP joint, this joint can be fixed at an angle of 15 . This is the same angle that is used in case of arthrodesis surgery of the DIP joint [29] . As there is only one control signal available, to control the multiple DoF's of the hand, the hand is by definition underactuated [30] , [31] . To obtain stable grasping in both pinch and power grasp tasks, without ejecting the grasped object, the torque ratio between MCP and PIP joint should be around 0.5 [32] . The thumb of the hand should be opposable to the fingers, to enable a pinch grip with one or two fingers. This could be done passively. The opening of the hand should be at least 70 mm to enable grasping of a broad range of objects. 6) Environmental influences: The hand should be able to function in wet and dirty conditions, to enable a broad application and to guarantee a high reliability. Therefore no electronic components should be used, and the selected materials should be corrosion resistant. 7) Modular system: The hand should be modular to enable easy maintenance and replacements of parts or modules by the prosthetist (e.g., one finger or one actuator). Modularity also provides the prosthetist with more freedom to customize the hand to an individual patient. The number of parts that can only be used for either a left or a right hand should be minimized [33] . Hand Prototype Evaluation: The mechanical performance of the constructed hand was evaluated in mechanical tests. The functional performance was assessed by functional user tests. Both tests used quantitative outcomes to enable comparison to current available prosthetic devices and to past and future prototypes.
-Mechanical evaluation: A mechanical test bench measured the energy required to operate the hand and the energy that was dissipated by the hand. A load cell (Zemic: FLB3G-C3-50 kg-6B) measured the force that was required to operate the master cylinder. A displacement sensor (Schaevitz: LCIT 2000) measured the actuation displacements of the master cylinder. The required energy and the dissipated energy could be derived by integrating the measured forces along the measured displacements. A custom built pinch force load cell thickness mm was used to measure the pinch force.
-Protocol for mechanical evaluation: In the mechanical evaluation the hand was subjected to four different test protocols. 1) A full closing and opening cycle, without pinching (measured four times). 2) A full cycle of closing, opening and pinching an object thickness mm with a pinch force of 15 N (measured four times).
3) Closing and pinching the pinch load cell thickness mm , until an actuation force of 100 N was reached. 4) Endurance was tested by closing, pinching 15 N and re-opening of the hand 100 000 times. Two sensors detected whether the index finger of the hand had reached sufficient pinch force and had fully opened during each cycle. When these criteria were not reached, the cycle discontinued and the setup was checked prior to continuation. During tests 1 and 2, the required input energy (work) and the energy dissipation (system hysteresis), which is a measure of the energy efficiency of the hand, were recorded and were compared to that of current hands. In test 3 the pinch force is measured as function of the actuation force. The characteristic was compared to that of other hands. The actuation force at which the pinch force starts building up should be as low as possible. Finally, the hand prototype should pass test 4, the endurance test, without the need of major repair.
-User evaluation: The hand was tested by able-bodied right-handed male subjects ( , average age 27 1 years). Able-bodied subjects were chosen, instead of amputees, as using amputee subjects would impose an unnecessary burden to the small group of available subjects. Ethical approval for this study was obtained from the institutional ethical committee (file number: 1-4-2012). The Delft Cylinder Hand was attached at the palmar side of the left hand ( Fig. 1) , using a Pro Cuff (TRS inc.). A second Pro Cuff was used to create an attachment point for the shoulder harness. To evaluate the functionality of the hand, two tests were selected, the Box and Block Test (BBT) [34] , [35] and the Nine Hole Peg Test (NHPT) [36] . Both tests are commonly used to assess hand function, e.g., in patients with stroke [37] , [38] or Parkinson disease [39] , [40] . There are several studies in the field of upper limb prosthetics which used the BBT to measure functional outcomes [41] - [44] . Miller et al. identified the BBT as a promising functional evaluation test for upper limb prosthetics [45] . Until now the application of the NHPT for the evaluation of terminal devices has been rare [46] . This test was included as it requires more fine motor skills than the BBT. Both tests can be performed within a few minutes, so multiple trials can be performed in one session. This is a benefit over other test instruments, like the Southampton Hand Assessment Procedure (SHAP) [47] , [48] , the Jebsen Hand Function Test (JHFT) [49] and the Sollerman Hand Function Test (SHFT) [50] . As these tests take a much longer time to administer (around 15-30 minutes), they are less suitable for many repetitions in a cohort study [51] . The outcomes of the BBT were compared to the outcomes published by Farrell and Weir [43] and the outcomes found by Resnik and Borgia [42] . The results of the NHPT were compared to outcomes found by Schabowsky et al. [46] . A commercially available BBT was used and a home-made NHPT (holes: mm with a 32 mm center distance, pegs: mm). -Protocol user evaluation: The subjects performed the tests in three sessions on three different days. Each session consisted of five trials of the BBT, followed by five trials of the NHPT. As the BBT is a simpler task and it takes less time and effort from the user than the NHPT, the BBT was performed first. In this way, the mutual influence of the tests was minimized. It was not necessary to randomize the order of the tests, as the tests were not mutually compared. Both tests were executed according to the test instructions of the BBT [34] and the NHPT [36] . Before the test started the test procedure was explained to the subject and an informed consent from the subject was acquired. A basic instruction on how to operate the hand was given to the subject. The subjects were given a minute to get used to operating the hand before the session started. Amputee Opinions: As a final part of the user evaluation three transradial amputee subjects were allowed to use the Delft Cylinder Hand for several minutes. They were asked to give their comments on the hand. The first subject was a male who was a regular user of a myoelectric prosthesis, the second was a male who was a regular user of both myoelectric and body-powered hands, the third was a female subject who abandoned the use of a prosthesis, as she considered it to be to heavy and of little use.
V. RESULTS
Hand Prototype: The fingers of the hand use seven active DoF's that are actuated by miniature hydraulic slave cylinders (S1-7, Fig. 2, Fig. 3 ). The cylinders were specially designed for the hand, to enable a lightweight and compact design. Three cylinders mm are located inside the index, middle and ring finger. These cylinders control the PIP-joints. Three other cylinders mm control the MCP-joints. These cylinders are located inside the palm of the hand. A seventh cylinder mm controls the MCP-and PIP-joint of the little finger by a four bar mechanism. This cylinder is also located in the hand palm. The user controls the slave cylinders by pulling a shoulder strap (Fig. 1) , which is attached to a master cylinder Fig. 1 . Two pro-cuffs (TRS inc.) were used to attach the Delft Cylinder Hand to a healthy test subject. The hand can be closed by pulling the white shoulder strap, which is attached to the master cylinder. Fig. 2 . Hand frame of the Delft Cylinder Hand. The index, middle and ring finger have two slave cylinders each (S1-S6), the little finger is actuated by one slave cylinder (S7) combined with a four bar linkage (BL). The hoses (H) connect the slave cylinders to each other and to the master cylinder (see Fig. 1 ) and distribute the hydraulic fluid among the slave cylinders. The fingers flex when the cylinders are actuated. After actuation the fingers are extend by the opening springs at the side of each finger (OS). The thumb is passively opposable.
( mm, M1 in Fig. 3 ). The working principle of the hydraulic system (Fig. 3) is analogous to the braking system of a car, in which the master cylinder of the brake pedal actuates the slave cylinders at the four wheels. When the user of the prosthesis pulls the shoulder strap, the master cylinder extends and actuates the slave cylinders at the fingers. The fingers of the hand then close. The cylinders of the fingers act like communicating vessels. Therefore the fluid pressure in the master cylinder and in each slave cylinder are equal to each other at every moment. The pressure in the master cylinder also results in a reaction force at the shoulder harness. This provides the Fig. 3 . Schematic representation of the hydraulic system. When the master cylinder (M1) is pulled, the slave cylinders (S1-S7) will exert a force at the finger joints. The slave cylinders act like communicating vessels. Fig. 4 . Underactuated hand adapts to the shape of the grasped object, without using any sensor and by using only one control signal. The hand can perform the two basics grasp patterns: precision grip and power grip. The hand can pick up small objects with the precision grip (top left and middle). The feedback allows precision tasks, like handling a pair of tweezers (top right). The hand can hold cylindrical objects with the power grip (below left). The little finger can be used to support the object, e.g. a cup (below middle). The power grip can also be used to carry a load in a horizontal position, e.g. the handlebar of a suitcase (below right).
user with proprioceptive force feedback on the grip strength and it provides an indication of the object stiffness. No additional sensors are needed to control the grip force or the finger motion of this underactuated hand. During closing of the hand if one finger is blocked, the other fingers will continue closing. When there is an object present within the hand, the fingers will adapt to its shape. Depending on the shape of the object, the hand will adapt to a pinch grip or a power grip (Fig. 4) . The users can control the grip force and the degree of hand opening, by exerting an actuation force to the shoulder harness. The hand has a maximum opening span of 75 mm. Recordings with a high-speed camera showed that the hand closed within 250 ms. The hydraulic system could stand a system pressure up to 6 MPa (60 bar). This enables forces up to 300 N per cylinder and a pinch force exceeding 30 N per finger, or 60 N for a tripod grip.
In addition to the seven active degrees of freedom, the hand has seven passive degrees of freedom. The hand has a passively opposable thumb (1 DoF), which can be adjusted by using the sound hand. The thumb has no flexing joints. This makes it easier to align the prosthesis with an object, as the tip of the thumb will not move during hand closing. The fingers allow for passive ad-and abduction (4 DoF's) at the Carpometacarpal (CMC) joints. This enables placement of objects between the fingers and it protects the fingers against side impact. The wrist has passive flexion/extension (1 DoF), to reduce compensatory motion and to protect the fingers from palmar or dorsal impact. The hand can be connected to standard wrists, to allow for passive wrist pro-supination (1 DoF).
The mechanical as well as the hydraulic elements of the hand are fully modular. If instead of one input signal more signals would become available, the hydraulic system can be easily rearranged for multiple DoF control. Finger parts or complete fingers can be easily replaced or reconfigured. Reconfiguring the entire hand from a right-hand to a left-hand version, requires replacement of only two parts from the thumb.
Hand Materials: The hand and finger frames were made out of aluminium Al7075 T6. The cylinders and axis were made out of stainless steel. After the aluminium was anodized the hand is completely water and dirt resistant. The hand can be covered with a standard sized 7 1/2 cosmetic glove. The hand frame was covered with foam parts, to protect the cosmetic glove. The hand frame, including the protection foam, has a mass of 152 gram. The total hand including silicone glove has a mass of 217 gram. The master cylinder has a mass of 54 gram. Table I shows an overview of the specifications of the Delft Cylinder Hand, together with the specifications of current available BP hands.
Hand Evaluation: -Mechanical evaluation The mechanical performance of the hand was quantified by four different test. The results of the tests were compared to data of current BP hands. 1) In the first test the actuation force and displacements were measured, while the hand opened and closed without pinching. Fig. 5 shows an example of a force displacement curve. One cycle is shown, as the deviations between the four cycles were small. For one cycle the hand (with glove and master cylinder) required Nm (or J) of energy. This energy is represented by the surface between the upper line of the graph and the x-axis, see Fig. 5 . The hand dissipated Nm (or J) of energy, which is represented by the surface enclosed by the curve. 2) In the second test the actuation force and displacement were measured, during a full cycle of closing, opening and pinching with a force of 15 N. During one cycle the hand required Nm (or J) of energy. Of this energy Nm (or J) was dissipated by the mechanism and the cosmetic glove. 3) During the third test the pinch force and the actuation force were measured. Fig. 6 shows the pinch force a as a function of an actuation force increasing from 0 to 100 N. At an actuation force of 20 N the fingers touched the 10 mm thick load cell and commenced pinching. When the actuation force increased further the pinch force increased linearly. The slope of the linear line is determined by the transmission ratio of the system. (Adapted from [11] .) The Delft Cylinder hand requires a lower actuation force (20 N) to start building up pinch force than the other hands. Its slope can be changed by using another master cylinder, whereas the other hands have a fixed slope.
4)
In the endurance test the hand had to close, pinch 15 N and re-open 100 000 times. During the test, the apparatus paused several times, each time because one of the endpoint conditions was not met. After 33 493 cycles the MCP-springs had to be replaced, when the end loops of the MCP-springs were broken. After 54 696 cycles two MCP-springs had a broken end loop. The MCP-springs were therefore replaced by springs with a thicker wire diameter. After 76 695 cycles the bearings and the O-rings had to be relubricated. After 80 330 cycles the hydraulic system had to be refilled. At the end of the test the silicone cosmetic glove was worn out. The test was finished after 100 000 cycles without the failure of parts of the hand frame and without noticeable fluid leakage. No major repairs were required. -User evaluation Box and Block Test: The number of blocks transferred increased over the length of the trials (Fig. 7) , from 17 6 blocks in the first trial to 26 8 blocks in the 15th trial.
NHPT: The required time to complete the NHPT decreased over the trials (Fig. 8) , from 117 41 s in the first trial to 62 11 s in the 15th trial.
Amputee Opinions: The amputee subjects that tried the prosthesis were all enthusiastic about the hand and commented that it was easy to operate and that is was remarkably light, in comparison to their current and past prostheses.
VI. DISCUSSION
Mechanical Evaluation: 1) Actuation energy: Although the Delft Cylinder Hand has more joints and a larger range of motion, it required less input energy for closing ( Nm or J) than other body-powered VC hands, e.g., the Otto Bock VC hand Nm , the APRL hand Nm and the Hosmer Soft VC hand Nm [11] . This means that the user has to deliver less input energy to operate the hand. Grasping and pinching an Fig. 7 . Scores of the Box and Block Test (BBT). The test was performed in three sessions of five trials at three different days ( , SD over 13 subjects).
Fig. 8. Scores of the Nine Hole Peg Test (NHPT).
The test was performed in three sessions of five trials at three different days ( , SD over 13 subjects).
object with 15 N required less energy Nm than fully closing all fingers, because pinching an object requires a smaller joint motion of the index and the middle finger. The required energy for closing and pinching was less than that of the Otto Bock VC hand Nm , and the Hosmer Soft VC hand Nm and it was similar to the APRL hand Nm [11] . It should be noted that the APRL hand, and the other hands, were tested without a Bowden cable transmission and without a cosmetic glove, which both will require considerable (10%-40%) extra input energy. All current BP prosthesis use a Bowden-cable transmission to transmit the force form the harness to the hand. The Delft Cylinder Hand uses a hydraulic transmission, instead of a Bowden-cable. The hand was tested with a hydraulic transmission and with a cosmetic glove applied. 2) Actuation force: The Delft Cylinder Hand required an actuation force of only 20 N to grasp a 10-mm-thick object and start pinching. This actuation force is 15-65 N lower than that of other body-powered VC hands (Fig. 6) . The Delft Cylinder Hand has a flatter slope than the other hands, because of its lower transmission ratio. This ratio can however easily be changed, by using a master cylinder with a smaller or larger diameter. A cylinder with a smaller diameter will increase the slope. In this way, the transmission ratio can be adapted to individual preferences. Another option is to add a dual phase mechanism which can switch between two transmission ratios [52] , [53] . This principle can be implemented relatively easily in hydraulics [54] , to increase the pinch force at a low actuation force. Its low required input energy and its low required actuation force are a major benefit over current hands and make the Delft Cylinder Hand also suitable for people with less body strength. 3) Endurance: The hand passed the endurance test as it did not require major repair and showed no hydraulic leakage. A user who uses his/her hand prosthesis on average 274 times a day would have to use the prosthesis for one year to reach 100 000 cycles. The hand required only small maintenance during the test. At 75% of the test the hand had to be relubricated and at 80% of the test the hydraulics had to be refilled. Although there was no fluid leakage, the fluid could slowly disappear from the system, as during every stroke some fluid could evaporate from the wetted cylinder surface. When 100 000 cycles equal one year, 75 000-80 000 cycles would correspond to 8-9 months. This is an acceptable interval for small maintenance, as the small maintenance can easily be done by the prosthetist when the cosmetic glove is replaced (typically every 3-6 months). Furthermore, the test revealed the sensitivity to fatigue of the end loops of the MCP-springs. This can be solved by replacing the springs by springs with a larger wire diameter, as was done during the test, or by using a helical spring with an alternative and stronger end loop. User Evaluation: In the Box and Block Test as well as in the Nine Hole Peg Test the users were able to use their prosthesis directly after donning and they all were able to complete the tests on their first trial. The subjects had been given only a basic instruction and a minute to get used to the prosthetic hand. This illustrates that the control is intuitive and easy to learn. A clear trend can be observed in both tests (Fig. 7, Fig. 8 ). Over the trials the performance of the subjects increased. At the start of each new session the users performed less well than at the end of the previous session. During each session the performance increased gradually.
The results of the functional tests were compared to BBT-scores found in literature. Farrell and Weir [43] found BBT-scores of 25 3.5 blocks for slow devices and 28 4 blocks for fast devices, in a study with able-bodied subjects using myoelectric terminal devices. Resnik and Borgia [42] found BBT-scores of 19.9 10.0 blocks for transradial amputees , who were full-time or part-time users of myoelectric or body-powered terminal devices. The scores of these studies are similar to the BBT-scores found in our study (26 8 blocks, during the 15th trial). It should be noted, however, that the scores of the Delft Cylinder Hand might still improve after the 15th trial. Furthermore, the tests were performed by right-handed subjects, using a left-hand prosthesis. The tests results might improve when the tests would be performed by left-handed subjects, or by using a right-hand version for right-handed subjects.
The results of the NHPT illustrate the capability to perform fine motor tasks using the Delft Cylinder Hand. The values can serve as a quantitative measure for comparison to other prosthetic hands. In a study by Schabowsky et al. [46] skilled transradial amputees ( , mean age: 50.2 14 years) finished the NHPT in 76 29 s, by using their body-powered hook. This reference data suggests that the functional performance of Delft Cylinder Hand in the NHPT (62 11 s) was at least similar to the score of a BP-hook. This is a very interesting result, given the fact that the BP-hook is considered to be still one of the most functional terminal devices. More reference data is needed to support these findings, as Schabowsky et al. only measured six subjects.
Evaluation Requirements: 1) Cosmetic appearance: The hand mechanism fits inside a standard 7 1/2 size anthropomorphic cosmetic glove, made of Silicone or PVC. These gloves, which are normally used for passive cosmetic hands, are moulded copies of a human hand. As the shape of the mechanism was adapted to the shape of the glove, the hand has the exact anthropomorphic dimensions of a human hand. 2) Mass: According to the study by Biddiss et al. the development of a more lightweight comfortable prosthesis is the most important design priority [6] . Other studies also report the importance of weight reduction in hand prostheses [55] - [57] . Fishman and Berger [9] already reported in 1955 that the APRL hand (347 gram, without a glove) was too heavy to be fitted to amputees with short or weak residuals. Despite these reports, the most recently developed hands are considerably heavier than the APRL hand; i-limb ultra (469 gram, without a glove), bebionic v3 (550 gram, without a glove) and Michelangelo (600 gram, without a glove). Fig. 9 shows the mass of current commercially available prosthetic hands (347-600 gram, without a glove), compared to the mass of the Delft Cylinder Hand (152 gram, without glove). The Delft Cylinder Hand is 55% lighter than the lightest current VC hand and 68% lighter than the lightest current articulating hand. The low mass of the Delft Cylinder hand has the potential to improve wearing comfort and will enable more amputees to wear a prosthetic hand, e.g., amputees with a short or weak residual arm. 3) Actuation energy and pinch force: The application of a hydraulic transmission enabled an efficient transmission and distribution of the actuation energy to the multiple finger joints, without additional friction forces. In this way the force feedback information is optimized and the input force is reduced. This reduces harness discomfort, which is one of the main problems associated with body-powered operation [6] . The elastic part of the required input energy was minimized, by making the system stiff, by choosing springs that were not stronger than necessary and by using a silicone glove instead one made of PVC [22] . The resulting part of the required input energy consists mainly of hysteresis. The hysteresis was reduced by minimizing the bearing and the sealing friction. The Delft Cylinder Hand, which has 7 DoF's, required less energy than current body powered hands which have only one DoF. The hand could deliver a pinch force of over 30 N per finger, and 60 N for a tripod grip, which exceeds the requirements. 4) Control of the hand: The application of body-powered control in the Delft Cylinder hand offers the user a prosthesis that has a low mass, provides force and position feedback, and that can be operated without unwanted hand movements, at a high speed and without additional noise. This is an advantage over myoelectric prostheses. Beside a high mass, users of electric devices report a lack of feedback [5] , [56] , [57] , unwanted hand movement [56] , a slow closing speed [55] - [57] and a disturbing motor noise [56] , [57] . By using body-powered actuation these problems were avoided. The shoulder strap of the Delft Cylinder Hand offers intuitive force and position feedback to the user, based on the principle of Extended Physiological Proprioception (EPP) [58] . It enables easy and accurate control of the hand and avoids undesired opening or closing of the hand. The entire hand can be fully closed within 250 ms, which approaches the speed of a human hand ( 100 ms). Electric hands require a minimum closing time ranging from 333 ms (Vari Plus Speed [59] ) to 1200 ms (i-limb ultra [60] ) and they require an additional delay ranging from 50 ms to over 300 ms [43] , to process the myoelectric signal in the microcontroller. Unlike electric hands the Delft Cylinder Hand is completely silent, which avoids undesired attention. 5) Articulating fingers: The hand has articulating fingers, which can perform both pinch and power grasp. The underactuated fingers adapt to the shape of the grasped object. This enables stable grasping of a broad range of objects without the need of extra sensors. 6) Environmental influences: The hand is corrosion resistant and does not use electronic parts. The hand can function in wet and dirty environments, which enables a broad application of the hand. 7) Modular system: The hand is fully modular. The finger parts or complete fingers can be easily replaced or reconfigured. All parts fit inside the hand, making the Delft Cylinder Hand also applicable for amputees with very long arm residuals or a transcarpal hand amputation. The transmission-ratio can be adapted to the individual patient by changing the master cylinder. These factors give the prosthetist the ability to adapt the hand to many different individual users with totally different needs, for example: people with very high amputations or very long residua, or people who have a low strength (including elderly users). Clinical Implications: The current prosthesis options do not meet all basic user demands, cosmetics, control and comfort, simultaneously. BP hooks are fast, accurate, and they have a low mass. However, they have a poor cosmetic appearance. BP hands have a reasonable appearance, however they are uncomfortable to operate and have a poor function. The myoelectric hands combine function and a reasonable appearance. However, they are slow, noisy, they lack force feedback and according to many users they are too heavy to be worn comfortably. The Delft Cylinder Hand is the first hand that combines the basic user demands in one device. The hand has a cosmetic anthropomorphic appearance, static as well as kinematic. It could be easily controlled with little familiarity and it performed at least similarly to electric devices and BP-hooks. The hand is fast and accurate, due to the proprioceptive feedback. It is comfortable to operate and to wear, due to the low actuation force and its very low mass. The adaptive fingers enable the hand to perform the basic grasps, enabling the user to use the hand in many different activities of daily living. Combining the basic user demands in one device makes the Delft Cylinder Hand a promising alternative to current available devices.
Study Strengths and Limitations:
A strength of this study is the quantitative functional evaluation of the prototype. Most studies that describe prosthesis prototypes do not provide quantitative outcomes, which makes it impossible to objectively compare them to other devices. A limitation of this study was that right-handed subjects were tested, using a left-hand device. This could have influenced the results negatively. Also the prosthesis was only tested inside the laboratory. Extensive clinical testing is required, to see how the hand performs in daily living situations outside the laboratory. Therefore, as a next step the prosthesis will be provided to a group of amputees, who will be able to use the prosthesis at home. This test is planned to start within a year. The home trial might also find an answer to the practical questions, e.g., whether it is desirable to add a locking mechanism to the hand, which can be used for holding objects for a longer time.
VII. CONCLUSION
This study presents the Delft Cylinder Hand, a prosthetic hand prototype that is anthropomorphic, slender, fast and silent. The hand meets one of the most important user design criteria, which is a low hand mass. Its mass (152 gram without glove; 217 gram with glove) is 68% lower than the lightest available articulating myoelectric hand and 55% lighter than the lightest BP hand of similar size. The hand has articulating fingers which fully adapt to the grasped object, by using the principle of underactuation. Its body-powered actuation provides the user with proprioceptive force and position feedback, enabling accurate and fast control, without the need of additional sensors. In functional tests (Box and Block Test and Nine Hole Peg Test) the hand showed scores that were at least similar to current body-powered hooks and myoelectric hands. Through the application of a hydraulic cylinder transmission, the hand required 49%-162% less energy from the user than current body-powered hands and it had a higher maximum pinch force (30-60 N) . Its very low mass, its anthropomorphic shape and kinematics, and high functional scores, make this hand prototype the first prosthetic hand that meets the basic user requirements.
